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Abstract
Bioretention systems are commonly used to treat and detain stormwater runoff
and help mitigate for many negative effects of urbanization. Despite the widespread use
of bioretention systems, few field-based studies have assessed how these facilities
affect water quality many years after installation. The goal of this project is to assess the
pollution reduction effectiveness of lined bioretention facilities that have been in use
and functioning for 4-8 years. To meet this objective, this project measured water
quality characteristics of stormwater flowing into and out of seven facilities installed
throughout Portland, Oregon during real storm events. Stormwater grab samples were
taken over a 2-year period during the fall, winter, and spring. Results showed decreased
concentrations of total suspended solids (TSS; 94%), ammonia (85%), total copper
(59%), total zinc (80%), and dissolved zinc (41%). Results for dissolved copper indicated
an overall increase in outflow concentrations of 23%, however variability between
facilities was high. These results support other similar findings showing that TSS is
effectively reduced by bioretention facilities, even after 4-8 years of use. However,
based on this study, effective TSS removal by bioretention facilities does not necessarily
equate to equally effective treatment of other pollutants, especially orthophosphate
and nitrate, which increased in outflow from the bioretention facilities by 141% and
2070%, respectively. Results of this study indicate that additional research is necessary
to determine the significance of the observed increase in nutrients, understand the
underlying mechanisms, and test possible design modifications to improve nitrate and
orthophosphate removal.
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Introduction
Land use changes associated with urbanization have significantly altered natural
hydrologic regimes, stream habitat, and water quality of receiving water bodies (Coles
et al., 2012). Increased impervious surface associated with urbanization reduces the
amount of stormwater that can naturally infiltrate into the ground, and this increases
the rate and total quantity of stormwater runoff (McGrane, 2016). These impacts have
led to altered urban hydrologic regimes, which have negatively affected downstream
receiving water bodies by causing increased flashiness, flooding, and erosion (Coles et
al., 2012; Paul and Meyer, 2001). In addition, urbanization has led to an increase in
pollutant export: water running over polluted impervious surfaces (such as roads, roofs,
or parking lots) picks up pollutants and transports them into groundwater, and/or to
rivers, estuaries, and the ocean (McGrane, 2016; Paul and Meyer, 2001). These
pollutants can include nutrients, metals, bacteria, pesticides, and sediment. The
combination of increased pollutant loads and altered hydrology due to urbanization has
numerous negative impacts on ecosystems, fish, invertebrates and biogeochemical
cycles (McGrane, 2016; Paul and Meyer, 2001; Walsh et al., 2005).
In response to these hydrologic and water quality impacts and to meet
associated regulatory requirements, stormwater managers have implemented various
strategies for managing stormwater runoff (Barbosa et al., 2012). Stormwater
management systems are often designed to either mimic pre-development conditions
by allowing runoff to infiltrate into the ground (as would have occurred prior to
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development), or mitigate for downstream impacts by slowing and treating water prior
to discharge to surface waters or combined sewers (Bonneau et al., 2017). The specific
design and type of stormwater management system utilized for a development often
varies based on geologic conditions, local regulations, existing infrastructure, and
receiving water bodies (Walsh et al., 2016).
In Portland, OR, municipal stormwater management regulations require that
stormwater be infiltrated into the ground on each site, to the maximum extent feasible
(Bureau of Environmental Services, 2016). Infiltration feasibility is based on soil
percolation rates, slope stability, and other site constraints. When feasible, stormwater
will be infiltrated into the ground using pervious paving, underground injection systems
(such as drywells or soakage trenches), vegetated infiltration basins, or rain gardens.
Where soil conditions are unsuitable for infiltration or site constraints limit infiltration
near slopes or structures, other stormwater facilities are required to reduce pollutants
in stormwater runoff and slow runoff prior to discharge to storm sewers, combined
sewers, or rivers. Under these circumstances, common stormwater management
strategies in Portland include bioretention facilities, ecoroofs, manufactured treatment
systems, and underground detention systems.
This study focuses on lined bioretention facilities, which are very commonly used
in Portland to treat and detain stormwater runoff. Lined bioretention facilities filter
stormwater through amended soil media consisting of a combination of loamy soil,
sand, and compost. The facilities are vegetated, and a layer of gravel containing an
2

underdrain is located below the soil media to collect and convey treated stormwater out
of the facility and into the receiving system (Figure 1). Lined bioretention facilities are
installed to reduce pollution in runoff and to mitigate the effects of altered hydrologic
regimes prior to discharge to the receiving system (either a storm-only sewer or a
combined sewer system). Although hydrologic performance of these facilities is equally
important and in need of additional assessment, the focus of this study is on the
pollution reduction effectiveness of lined bioretention facilities as implemented in
Portland, Oregon.

Figure 1: Simplified general design of monitored bioretention facilities (modified from the City of Portland
SWMM Typical Details).

Vegetated stormwater facilities improve water quality by retaining and removing
pollutants through multiple complex and interconnected processes including settling,
filtration, sorption, precipitation, biodegradation, plant uptake, nitrification,
denitrification, and volatilization (Clar et al., 2004). These processes are discussed in
additional detail for specific pollutants below. In general, studies have shown consistent
and effective removal of total suspended solids (TSS) by bioretention facilities, often in
3

the range of 90% reduction (Bratieres et al., 2008; Hatt et al., 2009; Hsieh and Davis,
2005). However, results for other pollutants have been much less consistent. Results for
metals, including copper (Cu) and zinc (Zn) from bioretention systems have been
variable, with some observed leaching of Cu especially in new facilities (Chahal et al.,
2016; Herrera Environmental Consultants, Inc., 2014; Mullane et al., 2015; Trowsdale
and Simcock, 2011). Studies have documented lower effectiveness in removing
phosphorus (P) and nitrogen (N) and, in some cases, export of these nutrients from the
facilities (Chahal et al., 2016; Davis et al., 2006, 2001b; Hatt et al., 2009; Herrera
Environmental Consultants, Inc., 2014; Hsieh and Davis, 2005; Mullane et al., 2015).
Increased levels of P from bioretention facilities is often attributed to leaching from
organic matter and soil media (LeFevre et al., 2015). N is primarily leached as nitrate and
attributed to N cycling within the facility (Davis et al., 2006; Kim et al., 2003; LeFevre et
al., 2015; Yang and Lusk, 2018).
Many bioretention treatment studies, including many cited above, attempt to
mimic field conditions using lab-based mesocosm studies and synthetic stormwater.
Although lab-based studies are very efficient, convenient, and useful for separating and
evaluating the interrelated processes occurring within bioretention systems, they are
nonetheless simplified systems that may not accurately reflect the field performance of
established facilities (Liu et al., 2014). Lab-based studies are generally initiated and
completed within a few months or years and, therefore, may not accurately represent
how a facility will function many years after installation. In addition, plants may not be
4

fully established in the mesocosms, fungi and mycorrhizae may not be fully present, and
pollutant accumulation that may occur after many years of use may not be accurately
represented.
Given the observed variability in treatment effectiveness and general lack of
field-based studies, it is necessary to assess the functioning of Portland’s typical lined
bioretention stormwater facilities. Although field-based studies introduce variability
that cannot be easily controlled, results likely provide a more accurate representation of
effectiveness, especially many years after installation.
Regulatory Nexus
Determining the effectiveness of bioretention facilities in Portland also has
important regulatory drivers. Portland is served by a system that consists of combined
sewers (stormwater and sanitary flows are discharged into the same system) and
separated storm and sanitary sewers. Each system has unique regulatory drivers, which
influence stormwater management requirements. For the combined sewer system,
emphasis is placed on reducing the total quantity of stormwater discharged into the
system and providing flow control to slow stormwater that is discharged into the
system. These requirements for the combined sewer system help mitigate for the
inadequate capacity of the combined sewer system and the wastewater treatment plant
during large storms, and ultimately help reduce combined sewer overflows to local
waterways. For the municipal separate storm sewer system (MS4), in addition to
slowing and reducing total flows, additional emphasis is placed on removal of pollutants
5

to reduce the load discharged into downstream water bodies. Stormwater discharges to
the MS4 system are regulated through the National Pollutant Discharge Elimination
System (NPDES) MS4 permit.
The City of Portland (COP) received approval of its first Phase I NPDES MS4
Discharge Permit in 1995. The permit was renewed in 2004 and 2011 and has been
administratively extended by the Oregon Department of Environmental Quality (DEQ)
since 2016 (City of Portland and Port of Portland, 2018). A key component of the COP
NPDES permit is the Stormwater Management Plan (SWMP), which describes specific
measures the City will take to reduce pollutants discharged to receiving waterbodies,
including implementing post-construction stormwater pollutant and runoff control
programs (OR DEQ, 2011). Bioretention facilities are one of the most common types of
stormwater management infrastructure installed in Portland to meet post-construction
stormwater management obligations, therefore understanding their treatment
effectiveness is essential.
A second key component of the approved COP NPDES permit is a monitoring
program designed to assess the effectiveness of the Stormwater Management Plan in
reducing pollutant discharge to the MS4 system. As a component of this monitoring, the
COP Bureau of Environmental Services (BES) designed a study to determine the water
quality effectiveness of lined bioretention facilities. The results presented here consist
of a combination of water quality data collected by BES, as well as samples collected by
me. Stormwater samples were analyzed for nitrogen (in the form of ammonia and
6

nitrate), orthophosphate, total P, total and dissolved Zn, total and dissolved Cu, and
general water quality parameters including TSS, pH, dissolved oxygen, and conductivity.
Total Suspended Solids
High contributions of suspended sediment in stormwater runoff can have
numerous negative impacts on downstream receiving water bodies. Increased
suspended sediment in the water column can lead to worsened turbidity, which reduces
the ability of light to penetrate through the water column and can impact the growth of
beneficial aquatic vegetation (US EPA, 1999). Suspended sediment can also directly
impact sensitive fish species through impaired oxygen transfer due to sediment
accumulation on gills, immune system disruption and impacts to feeding due to reduced
light availability (Capper, 2006; Kjelland et al., 2015). Increased settling of suspended
solids onto the beds of receiving waterbodies can lead to alteration and destruction of
key habitat for fish and other bottom-dwelling organisms (US EPA, 1999). Finally, many
other contaminants bind to suspended solids, therefore increased suspended sediments
are often correlated with increased loads of contaminants such as metals and
hydrophobic organic chemicals (Roy-Poirier et al., 2010a; Schoellhamer et al., 2007). The
primary sources of suspended sediment in urban stormwater runoff include vehicle
exhaust emissions, tire wear, brake wear, construction site erosion, road paint,
atmospheric deposition, agricultural runoff, and organic sources such as soil material
and plant debris (Taylor and Owens, 2009).
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Research and monitoring has generally shown that, with the exception of an
initial flushing period, bioretention facilities are effective at reducing TSS in stormwater
effluent (Davis et al., 2009; Liu et al., 2014; Roy-Poirier et al., 2010a). The primary
mechanisms by which suspended sediments are removed in bioretention facilities are
sedimentation and filtration (Davis et al., 2009; Liu et al., 2014). Clogging of bioretention
facilities and reduced hydraulic conductivity have been observed and acknowledged as
potential issues arising from suspended sediment removal in bioretention facilities (RoyPoirier et al., 2010a).
The COP Stormwater Management Manual (SWMM) describes TSS as a
surrogate measure for water quality and states that percent removal of TSS is an
accepted measure of overall pollution reduction (Bureau of Environmental Services,
2016). However, this assumption likely does not account for dissolved pollutants. The
results of this study will help test the correlation between TSS and overall pollution
reduction in bioretention facilities and inform future policy.
Zinc
Zn is a naturally occurring component of Earth’s crust and an essential trace
element for life. However, at high concentrations, Zn can be toxic to plants and aquatic
species (US EPA, 1980). In aquatic environments, Zn toxicity is primarily caused by free
Zn2+ ions, the level of which is controlled by levels of dissolved organic matter, calcium,
and pH of the water (Hogstrand, 2011). Elevated levels of Zn in aquatic environments
have been shown to be toxic to benthic macroinvertebrates and fish, with toxicity
8

varying based on pH and other water quality parameters (Brinkman and Johnston, 2007;
Cusimano et al., 1986; Mebane et al., 2012). Acute toxicity in fish is generally attributed
to inhibition of calcium uptake due to competition for ion uptake, resulting in
hypocalcaemia and fish death (McRae et al., 2016). Acute Zn toxicity can also cause
coagulation of mucus on the gills, which can impact ion regulation as well as impair
oxygen exchange at the gills, causing hypoxia (Burton et al., 1972; McRae et al., 2016).
The sublethal effects of Zn are less well understood and appear to be a current research
interest and need (Rostern, 2017).
Zn is released into the environment from both natural and anthropogenic
sources but cycling is significantly increased through anthropogenic causes, with an
estimated anthropogenic enrichment factor of 72% (Walker et al., 2012). In urban
stormwater runoff, common Zn sources include tire wear, wet and dry deposition, roof
and building siding materials, brake wear, and industrial or manufacturing activities
(Davis et al., 2001a; LeFevre et al., 2015).
In bioretention systems, a portion of Zn removal in effluent is accomplished
through filtration of suspended sediments containing particulate Zn (LeFevre et al.,
2015). Dissolved Zn can be taken up in sediments or suspended solids through sorption
(LeFevre et al., 2015). The amount of Zn sorbed to soil depends on plant uptake, losses
by leaching, changes in soil moisture, changes in pH, mineralization of organic matter,
interactions with other metals, and changes in the redox potential of the soil (WHO,
2001). Multiple studies have documented the important role of mulch and compost in
9

bioretention systems to increase sorption of metals (Davis et al., 2001b; Jang et al.,
2005; Paus et al., 2014). However, it is important to note that metals sorbed within the
bioretention media are not permanently sequestered and can still leach out of the
facility (LeFevre et al., 2015). The final process by which metals can be removed within
bioretention systems is through plant uptake and biomass harvest. However, plant
species vary widely in their ability to take up metals and some studies have observed
very limited effectiveness of plant metal uptake (LeFevre et al., 2015; Read et al., 2008).
Copper
Similar to Zn, Cu is an essential trace element that can become toxic at higher
concentrations (Grosell, 2011; Sandahl et al., 2007; Solomon, 2009). In fish, exposure to
high levels of Cu can damage gills and impair the organism’s ability to regulate salts,
which can result in death (Solomon, 2009). Other studies have shown that Cu exposure
can negatively affect a fish’s olfactory system, which can have a significant impact on its
ability to locate food, avoid predators, reproduce, and migrate, all of which may
threaten its ability to survive (Baldwin et al., 2003; Solomon, 2009). Aquatic
invertebrates are also sensitive to Cu; exposure to Cu has been shown to reduce the
total number and diversity of macroinvertebrate species and skew diversity towards less
sensitive species (Clements et al., 1988; Solomon, 2009). Cu has been used as an
algicide; it is toxic to algae and plants and is known to impair various key processes
including photosynthesis, respiration, cell division, and enzyme activity (Scannell, 2009;
Solomon, 2009).
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The toxicity of Cu to aquatic species varies significantly based on water chemistry
(Santore et al., 2001). The biotic ligand model (BLM) for Cu was developed in order to
improve the accuracy of calculated Cu water quality criteria by taking into account
related water chemistry parameters. The BLM accounts for variation in pH, calcium,
magnesium, sodium, potassium, chloride and sulfate levels, organic matter content,
alkalinity, and temperature (US EPA, 2016).
Cu in urban stormwater runoff is primarily attributed to vehicle exhaust, brake
pad wear, roofing and flashing materials, treated wood, and pesticide applications
(Sandahl et al., 2007). In stormwater and in aquatic environments, Cu is present in both
particulate and dissolved forms, but toxicity is primarily attributed to dissolved Cu2+ ions
(Nason et al., 2012). Mechanisms of Cu removal in bioretention facilities include
filtration, sorption, and plant uptake (LeFevre et al., 2015). These removal mechanisms
are analogous to those described in additional detail for Zn (above). However,
competition for sorption sites can occur between Cu and Zn; observations generally
show that Cu has a higher affinity for sorption sites and may outcompete Zn, potentially
causing Zn to be released (Elliott et al., 1986; Morgan et al., 2011).
Phosphorus
P is an essential nutrient for living organisms and is often the nutrient that limits
excess algal growth and eutrophication in most freshwater and some saltwater systems
(Rosenquist et al., 2010). Increased release of P in stormwater runoff can impact
downstream biogeochemical cycling and cause numerous problems for downstream
11

water bodies including eutrophication, toxic algal blooms, hypoxia, loss of biodiversity,
and impairment of water for use (such as for drinking water, recreation, agriculture, and
other uses) (Carpenter et al., 1998; Hsieh et al., 2007a; Rosenquist et al., 2010). The
primary sources of P in urban stormwater runoff include soil erosion, fertilizers, plant
detritus, detergents, pet waste, and atmospheric deposition (Carpenter et al., 1998;
Hsieh et al., 2007a; Janke et al., 2014; Yang and Lusk, 2018). The P cycle is primarily
driven by geochemical processes. P in stormwater runoff is present in both dissolved (as
organic P and orthophosphate, PO43-) and particulate forms (Hsieh et al., 2007a; Li and
Davis, 2016; Yang and Lusk, 2018). Due to its increased bioavailability, orthophosphate
is of higher concern for discharge into receiving waterbodies (Correll, 1998).
Mechanisms for P removal in bioretention systems differ for particulate versus
dissolved forms (Li and Davis, 2016). The primary mechanism for removal of particulate
P in bioretention systems is through sediment removal (sedimentation and filtration).
Numerous studies have shown that bioretention facilities effectively reduce suspended
sediment in runoff, which therefore traps and reduces exported particulate-bound P
(Hunt et al., 2012). The primary mechanisms of dissolved P removal in bioretention
facilities are sorption and precipitation (Hunt et al., 2012; Li and Davis, 2016; Liu and
Davis, 2014; Roy-Poirier et al., 2010b). The removal of P through sorption and
precipitation is highly dependent on many variables, including facility design, soil
characteristics, and environmental factors, such as the P content of the soil media,
amount of organic matter, pH, presence of amorphous iron, aluminum and calcium
12

levels in soils, media infiltration rates, and oxygen availability (Hunt et al., 2012; Li and
Davis, 2016; Minton, 2005). In addition, sorption capacity can decrease with increased
history of P exposure, eventually leading to reduced removal effectiveness and potential
breakthrough (Li and Davis, 2016). Mineralization, immobilization (accumulation of
nutrients in soil microbes) and vegetative uptake also contribute to P cycling in
bioretention facilities; however, the significance of their contribution to P removal in
effluent is less well understood (Roy-Poirier et al., 2010b).
Improving P removal capacity of bioretention facilities is a current and active
area of research. Some potential amendments to improve P sorption and precipitation
include water treatment residuals (Liu and Davis, 2014; Lucas and Greenway, 2011;
O’Neill and Davis, 2012; Poor et al., 2018), iron amendments such as shavings and steel
wool (Erickson et al., 2007), and fly ash (Zhang et al., 2008). None of these amendments
were utilized in the facilities monitored for this study.
Nitrogen
Elevated levels of N in stormwater runoff can impact downstream
biogeochemical cycling and lead to many of the same negative impacts described above
for P (Carpenter et al., 1998; Collins et al., 2010; Compton et al., 2011). Anthropogenic
sources of N in stormwater runoff include chemical fertilizers, leaking wastewater
infrastructure, pet waste, atmospheric deposition, and deposition from combustion
(Bettez and Groffman, 2013; Collins et al., 2010; Law et al., 2004; Yang and Toor, 2016).
Multiple studies have documented increased N deposition from vehicle combustion
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along roadways and in urban areas, resulting in increased N in stormwater runoff
(Collins et al., 2010; Davidson et al., 2010).
N in stormwater can be both dissolved and particulate; however, dissolved N is
of additional concern due to its increased bioavailability to simple organisms. Dissolved
forms of N in stormwater include nitrate (NO3-), nitrite (NO2-), ammonia and ammonium
(NH3 and NH4+) and organic N (LeFevre et al., 2015). Bioretention facilities can alter both
the form and the total amount of N in stormwater runoff through multiple interrelated
processes; ammonification and nitrification change the form of N present while
assimilation, denitrification, and adsorption reduce the total amount of N in stormwater
(Collins et al., 2010). Ammonification is the process by which microorganisms break
down organic N to release NH4+; it is often called N mineralization and can occur in both
aerobic and anerobic conditions (Hopkinson and Giblin, 2008; Schlesinger and
Bernhardt, 2013). Following ammonification and generally under aerobic conditions,
nitrifying bacteria and archaea further transform ammonia into NO2- and NO3- (Collins et
al., 2010). N can be removed from stormwater effluent through three processes:
assimilation, adsorption, and denitrification (Collins et al., 2010; Hunt et al., 2012).
Through assimilation, inorganic N (NH4+, NO2-, and NO3-) can be temporarily transformed
into organic N as it becomes incorporated into microbial or plant biomass (Collins et al.,
2010). Adsorption also temporarily removes N through NH4+ adsorbing on to negatively
charged soil particles (Collins et al., 2010). Denitrification permanently removes N
through the transformation of nitrate or nitrite to gaseous N in the form of nitrous oxide
14

(N2O) or dinitrogen (N2), which is released to the atmosphere; it occurs under anaerobic
conditions (Hsieh et al., 2007b; Hunt et al., 2012).
General Water Quality Parameters
Field-measured water quality parameters such as pH, conductivity, and dissolved
oxygen can function as indicator parameters for general water quality degradation. In
addition, poor levels of these parameters can have direct impacts on aquatic fauna in
receiving waterbodies (Azrina et al., 2006; Courtney and Clements, 1998). Changes in pH
can also impact N and P cycling and sorption (Li and Davis, 2016; Minton, 2005) as well
as metal speciation (separation between the dissolved and particulate forms) in aquatic
environments (Minton, 2005). Levels of dissolved oxygen can play an important role in
nutrient cycling and metal solubility. For N, low dissolved oxygen is necessary for
removal of nitrate through denitrification, but higher levels are necessary for
nitrification. In addition, changes in dissolved oxygen levels can impact sorption and
desorption of phosphorus and metals (Minton, 2005).
Variability between Seasons
Inflow pollutant levels are expected to be higher in the fall due to increased leaf
and plant debris inputs, longer dry periods between storms, and first flush effects
following Portland’s generally dry summers. In addition to leaf litter, pollen can also
contribute additional N and P in runoff, resulting in increased levels in the spring (Brown
et al., 2013). Seasons may also impact bioretention treatment effectiveness for some
analytes, primarily due to changes in temperature. A biofilter column study showed no
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effect of temperature on treatment effectiveness for TSS and total P; however, nitrogen
treatment effectiveness was impacted. Specifically, lower temperatures decreased
nitrification rates, ammonia removal efficiency was better at higher temperatures, and
higher temperatures led to increased leaching of nitrate (Blecken et al., 2010). Similarly,
a field-study in Nashville, NC, showed increased export of nitrate during warmer months
and attributed the trend to increased microbial activity (Brown et al., 2013).
Available literature is limited regarding potential effects of seasonality and
temperature on metal removal in bioretention facilities. One study showed no effect of
season on mass removal of Zn but showed a decrease in removal efficiency of Cu in
spring compared to summer; however, the mechanism was unclear (Muthanna et al.,
2007).
Plant uptake of nutrients and metals may also vary by season due to variability in
plant growth rates. However, the overall contribution of plant uptake in pollutant
removal is unclear. Two studies have documented metal uptake by plants of between
0.5% and 7% of the total retained by the facilities (Muthanna et al., 2007; Sun and Davis,
2007). Nutrient uptake by plants has been shown to contribute to overall removal;
however, the significance of the contribution can be highly variable (Read et al., 2008).
Study Objectives
The overall goal of this project is to accurately assess the pollution reduction
effectiveness of lined, bioretention stormwater facilities that have been in use and
functioning for many years. To meet this objective, this project measured water quality
16

of stormwater flowing into and out of multiple facilities installed throughout Portland
during real storm events. The seven stormwater facilities used for this study have been
in use for 4-8 years and are past their initial establishment period. Stormwater grab
samples were taken throughout multiple water years and at various times throughout
the season. The study aims to answer the following research questions:
1. Are established lined bioretention facilities effectively reducing the
concentration of nutrients (N and P) in stormwater runoff?
2. Are established lined bioretention facilities effectively reducing the
concentration of metals (Cu and Zn) in stormwater runoff?
3. How are lined bioretention facilities impacting general water quality
parameters (total suspended solids, conductivity, pH, and dissolved
oxygen)?
4. Does water quality or treatment effectiveness vary between seasons?
Methods
Study Sites
To assess the pollution reduction effectiveness of established, lined, bioretention
facilities, seven facilities were selected throughout Portland, Oregon (Figure 2). Facilities
were initially randomly selected from a list of facilities greater than 4 years old.
However, initial sampling efforts of the facilities were not successful due to challenges
with inlet and underdrain design (which did not allow for sampling using the methods
proposed), or issues with facilities having too little flow during storm events. Therefore,
17

facilities were ultimately selected based on ability to collect samples and were not
selected randomly.
All of the facilities were installed between 2010 and 2014 and, at the time of
sampling, had been in use for a minimum of 3.5 years and a maximum of 8 years. The
sampled facilities are all fully lined and are not intended to infiltrate stormwater into
subgrade soils. They vary in their specific size and shape, but all facilities were installed
using a standard soil blend installed above a layer of drain rock, as shown in Figure 1.
The soil blend is intended to slow and filter water prior to discharge and to support
vegetation growing in the facilities. An underdrain pipe is located at the bottom of the
drain rock to collect treated stormwater and discharge it to the receiving system (a
storm-only or combined sewer pipe). All facilities are planted, but with varying
vegetation health, coverage, and species. The variability in vegetation characteristics
was not assessed as a part of this study and may be an uncontrolled variable impacting
differences in effectiveness between facilities. All facilities were sized to meet either the
COP pollution reductions requirements, or to meet both pollution reduction and flow
control requirements as defined in the COP Stormwater Management Manual (BES,
2016). All facilities were installed using the current COP soil blend, which was
established in 2010 (therefore no facilities installed prior to this date were used in this
study). This soil blend contains loamy soil, sand and compost, with a requirement for 3040% compost by volume (City of Portland, 2019).
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Figure 2: Map of facility locations across Portland, Oregon.

All sampled facilities manage surface runoff from the public right-of-way.
However, the specific catchment areas vary in use and intensity: one facility receives
runoff from a residential local service street; another receives runoff from an elevated
light-rail track; and the remaining five facilities manage runoff from high classification,
high use streets (designated by the COP as major City Traffic Streets). Catchment areas
range in size from 446 square meters to 4,634 square meters. Facility sizes range from
8.5 square meters to 75.3 square meters, and specific sizing ratios of the facility area to
the drainage basin area range from 1.6% to 6.6% (Table 1).
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Table 1: Summary table of study facilities, installation dates and sizing.
Facility

Nearest Address

Date
Installed

Drainage Basin Area
(m2)

Facility Area
(m2)

Sizing Ratio
(%)

F2

8025 NE Sandy Blvd

Aug 2012

446

8.5

1.9

F3

7930 NE Sandy Blvd

Aug 2012

1,076

20.3

1.9

F8

2807 NE Glisan St

Jan 2011

669

15.8

2.4

F10

515 E Burnside

Dec 2010

782

17.3

2.2

F12

1000 E Burnside

Dec 2010

844

16.1

1.9

F13

2750 SW California St

Jul 2014

480

31.9

6.6

F14

SW Moody & Sheridan

Apr 2014

4,634

75.3

1.6

Field Sampling
In order to quantify the impact of the facility on water quality parameters, water
samples were collected pre- and post-treatment during storm events. Sampling began
during the 2016-2017 water year and concluded at the end of the 2018-2019 water
year. The same seven facilities were sampled following the same sampling methods by
both BES and myself.
Samples were generally collected with an antecedent dry period of at least 6
hours. However, due to the difficulty and unpredictability of storm sampling, this
condition may not have been precisely met for all samples. BES began sample collection
in May 2017 and continued collecting samples intermittently until Spring 2019. My
research samples were collected throughout the 2018-2019 water year.
Stormwater runoff flowing into the facility was collected at the facility inlet by
placing bottles directly into the line of flow or by scooping sheet flow into bottles using
a clean stainless-steel flat shovel. Treated effluent was pumped from the facility
underdrain with access through a beehive overflow structure or downstream catch
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basin. Effluent samples were pumped into bottles using a peristaltic pump with a new
segment of clean silicone tubing for each sampling location. Samples were not collected
if the facility was overflowing since the untreated stormwater would contaminate the
treated underdrain flow. Samples for metal analysis were collected into nitric acidwashed bottles. Samples for nutrient analysis and TSS were collected into phosphatefree detergent and water washed bottles (not acid-washed). Samples for nutrient
analysis and dissolved metals were filtered in the field immediately after collection using
0.45µm PES membrane syringe filters. General water quality parameters (pH,
temperature, conductivity, and dissolved oxygen) were measured immediately following
collection using a YSI 556 Handheld Multiparameter Instrument or In-Situ SmarTROLL
Multiparameter meter. Samples were placed in a cooler immediately following
collection and then refrigerated until analysis. Samples analyzed at PSU were measured
within 7 days of collection. Samples analyzed by BES were measured within 7 days for
TSS, 48 hours for nitrate and orthophosphate, 28 days for ammonia (acid-preserved),
and usually 2 weeks but up to 6 months for metals (acid-preserved).
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Figure 3: Typical sample collection methods for inflow (direct sampling or using a stainless-steel shovel)
and outflow (using a peristaltic pump). Inlet photos from BES.

Laboratory Analysis
Nutrient analysis at PSU was completed using a Smartchem 170 colorimetric
discrete analyzer (Unity Scientific, Milford, MA). Nitrate plus nitrite was measured using
EPA Method 353.2 Revision 2.0 (US EPA, 1993a), ammonia was measured using
Standard Methods 4500-Norg -D, and orthophosphate was measured using Standard
Method 4500-P.F (American Public Health Association, 2005). Samples collected by PSU
for metals analysis were measured for total and dissolved Cu and total Zn using an AA7000 atomic absorption spectrophotometer (Shimadzu, Kyoto, Japan). However, those
results are not included in the following analysis due to apparent contamination of
filtered samples and concerns with accuracy of the measurements.
Samples collected by BES were analyzed using different processes and
equipment. Nitrate was measured using a 930 Compact IC Flex ion chromatograph
(Metrohm, Herisau, Switzerland) following EPA Reference Method 300.0 (US EPA,
1993b). Ammonia and orthophosphate were measured using an Astoria2 automated
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segmented flow analyzer (Astoria Pacific, Clackamas, Oregon) following EPA Reference
Methods 350.1 (US EPA, 1993c) and 365.1 (US EPA, 1993d), respectively. Total P and
total and dissolved Cu and Zn were measured by BES using an ICAP-Q inductively
coupled plasma mass spectrometer (Thermo Scientific, Waltham, MA) following EPA
Reference Method 200.8 revision 5.4 (US EPA, 1994).
Total suspended solids (TSS) was analyzed in both laboratories using Standard
Methods 2510 D, Total Suspended Solids Dried at 103-105 °C (American Public Health
Association, 2005).
Due to the location of the facilities along streets and facility configurations, it
was not feasible to monitor total flow rate and volume for this study. Therefore,
reported values are for grab sample concentrations and do not represent changes in
pollutant mass loading.
Statistical Analysis
Due to the repeated measurements for each of the seven facilities, this dataset
has a hierarchical structure, and individual observations within each facility are not
considered independent. It is likely that results from one facility will be more similar
compared to results from other facilities. Due to this data structure, many statistical
analyses used for comparing between categories (such as t-tests) are not appropriate
because the assumption of independence between samples is not met, which would
lead to inaccurate results. Therefore, linear mixed effects (LME) models were applied as
a useful tool to account for the random effects of each individual facility and sampling
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event and reduce the possibility of obtaining false positives or false negatives (Harrison
et al., 2018).
LME models were fit for each water quality parameter in R version 3.5.2 (R Core
Team, 2018). The datasets for some of the measured parameters include multiple nondetect values (values below the method detection limit), which necessitated the use of a
censored version of the mixed effect model. Therefore, the R package brms was used to
fit Bayesian linear mixed effects models for censored data (Bürkner, 2016). Models were
fit for each analyte concentration with treatment (representing treatment by the facility
with inflow=false and outflow=true) and season (fall, winter or spring) as fixed effects.
Facility ID and sample event (a term used to group inflow and outflow values together
as individual events) were modeled as random effects. All models were fit using the log
of the analyte concentration due to the multiplicative relationship expected and the lognormal distribution of most analyte values. When the resulting model indicated no
effect of seasonality on the analyte measurement, then season was removed, and the
model was run using only treatment as a fixed effect. Model results were used to
determine percent removal from inflow to outflow (representing treatment
effectiveness) and the 95% confidence interval for the percent removal. Negative
percent reduction values indicate a percent increase.
Means, standard deviations, and medians for inflow and outflow were calculated
for each analyte. For the purpose of calculating means and medians, non-detect
observations were set at half of the method detection limit.
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Results and Discussion
A total of 52 samples were collected, representing a total of 18 storm events
spanning approximately two years. All samples were collected between November and
May, consistent with Portland’s typical climate of wet winters and dry summers
(although samples are lacking from the early portion of the rainy season). The number
of observations per facility varies due to the inherent challenges in storm sampling and
lack of flow or overflow at some facilities. Facility 2 was sampled 10 times; facilities 3, 8,
and 14 were sampled 8 times; and facilities 13, 10 and 12 were sampled 7, 6, and 5
times, respectively (refer to Table 2).
Table 2: Number of samples total, per facility, and for each defined season.

Facility

Total
Samples

Fall
Samples

Winter
Samples

Spring
Samples

F2

10

2

2

6

F3

8

2

1

5

F8

8

2

3

3

F10

6

1

4

1

F12

5

1

3

1

F13

7

1

4

2

F14

8

1

4

3

Totals

52

10
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Analyses for total P, total and dissolved Cu, and total and dissolved Zn
concentrations are based on data collected by BES only and, therefore, have fewer
observations.
The following sections describe results for each measured water quality
parameter. Ideally, the observed values would be compared to water quality criteria
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established specifically for stormwater runoff in order to provide a basis for comparison.
However, no such criteria exist in Oregon for urban stormwater runoff. Most established
water quality criteria (either statewide or watershed-specific) apply to instream water
quality instead of stormwater runoff. Stormwater-specific water quality benchmarks are
provided by Oregon DEQ for industrial sites that are required to monitor stormwater
runoff for the purpose of their 1200-Z permit (Oregon DEQ, 2017). However, not all
analytes measured by this study have either established instream water quality criteria
or DEQ benchmark values. When available, the results below are compared to available
criteria to provide a general basis for comparison. However, these should not be
interpreted as an applicable regulatory requirement since the standards do not
technically apply to urban stormwater runoff.
Total Suspended Solids
Of the water quality parameters measured, total suspended solids showed the
most significant change between influent and effluent. Mean inflow TSS was 67.0 mg/L
(SD = 64.4) and mean outflow TSS was 5.3 mg/L (SD = 4.4). Based on the LME model, TSS
outflow was 0.061 times inflow, indicating an approximately 93.9% decrease in TSS from
inflow to outflow (95% CI: 90.1% to 96.2%; Table 3). Input levels of TSS varied by facility
but all facilities showed consistent effective reduction in TSS (Figure 4). These results are
consistent with many similar studies (Bratieres et al., 2008; Davis et al., 2009; Hatt et al.,
2009) and exceed the COP Stormwater Management Manual requirement that
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stormwater treatment facilities obtain 70 percent removal of TSS (Bureau of
Environmental Services, 2016).
The water quality standard for TSS for all freshwater streams and tributaries is
established at 100 mg/L (Oregon DEQ, 2004). The lowest statewide benchmark for TSS
in industrial stormwater runoff is 30 mg/L (Oregon DEQ, 2017). For inflow samples,
approximately 65% exceeded the 30 mg/L benchmark and 23% exceeded the 100 mg/L
standard. Treatment by the bioretention facility effectively reduced all outflow samples
below the 30 mg/L benchmark.
Table 3: Summary table of inflow, outflow and percent reduction for TSS.

Figure 4: Range of TSS values for inflow and outflow for all facilities (A.) and each facility (B.).
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Total and Dissolved Zinc
All results for Zn (both total and dissolved) were above the method detection
limits. Mean inflow for total Zn was 104.3 µg/L (SD = 76.1) and mean outflow was 19.0
µg/L (SD = 13.0). Mean inflow for dissolved Zn was 22.8 µg/L (SD = 14.9) and mean
outflow was 14.5 µg/L (SD = 9.8). For total Zn, results from the LME model showed an
estimated 80.4% (95% CI: 74.6% to 84.9%) decrease by bioretention facilities (Table 4).
All facilities consistently showed a decrease in total Zn, although input levels did vary
between facilities (Figure 5). Results for dissolved Zn also show an overall decrease from
inflow to outflow, although the decrease is lower. The model estimate showed a 41.1%
(95% CI: 25.9% to 52.8%) decrease in dissolved Zn (Table 4). Although the model results
consistently show a decrease through the facilities, facility 12 shows the opposite trend
and appears to be exporting dissolved Zn (Figure 6). However, there are very few data
points for facility 12; additional data collection and analysis would be necessary to
determine if and why this facility is functioning differently than others for dissolved Zn
removal.
Site-specific water quality criteria for Zn are calculated based on water chemistry
to account for changes in bioavailability (Oregon DEQ, 2004). The criteria for Zn are
calculated using water hardness, which was not measured for these stormwater
samples. In lieu of calculating site-specific Zn criteria, we will compare to the total Zn
statewide benchmark value for industrial stormwater runoff of 120 µg/L (Oregon DEQ,
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2017). For inflow samples, 32% exceeded this standard. The bioretention facilities
effectively reduced all samples below the 120 µg/L standard.
Literature results generally indicate effective removal of total and dissolved Zn
through bioretention treatment (Davis et al., 2009). Results from a newly installed
bioretention facility in Redmond, WA, consistently showed effective total and dissolved
Zn removal. During the second year of use, observed reductions for total and dissolved
Zn were 89% and 43%, respectively, which are very similar to percent reductions
observed through this research (Herrera Environmental Consultants, Inc., 2014). Results
from a field study of one newly installed bioretention facility in New Zealand showed
much higher median inflow total and dissolved Zn values compared to this study (659
and 355 µg/L, respectively). However, the facility still effectively reduced these values to
29 and 24 µg/L, respectively.
Table 4: Summary table of inflow, outflow and percent reduction for total and dissolved Zn.
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Figure 5: Range of total Zn values for inflow and outflow for all facilities (A.) and each facility (B.).

Figure 6: Range of dissolved Zn values for inflow and outflow for all facilities (A.) and each facility (B.).

Total and Dissolved Copper
No results for Cu (both total and dissolved) were below the method detection
limits. Mean inflow for total Cu was 20.2 µg/L (SD = 17.1) and mean outflow was 6.3
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µg/L (SD = 3.2). Mean inflow for dissolved Cu was 5.0 µg/L (SD = 4.7) and mean outflow
was 5.0 µg/L (SD = 2.5). For total Cu, model results estimated that the output is 0.405
times input, which is an estimated 59.3% (95% CI: 44.0% to 70.6%) decrease (Table 5).
Inflow levels of total Cu varied between facilities, with facility 12 and 14 having
especially high inflow levels of total Cu (Figure 7). In contrast to observed reductions in
total Cu, model results for dissolved Cu showed an overall export with outflow values
approximately 1.23 (95% CI: 0.93 to 1.62) times the inflow values (Table 5). This shows
an estimated 23% increase in dissolved Cu from the bioretention facilities, although
variability between facilities is high; some facilities appear to be exporting dissolved Cu
(facilities 2, 10, 12 and 13) while others appear to reduce levels or have little to no effect
(such as facilities 3, 8 and 14; Figure 8).
Cu water quality standards are determined using the Biotic Ligand Model (BLM),
which takes into account variability in metal bioavailability by using other water
chemistry parameters to calculate site-specific water quality criteria (Oregon DEQ,
2004). Given that this model is not applicable to stormwater runoff and that many of
the input water quality parameters for the model were not collected for this project, we
did not attempt to calculate individual Cu criteria values for each sample. Instead, we
refer to the total Cu statewide benchmark value for industrial stormwater runoff of 20
µg/L (Oregon DEQ, 2017). Of the inflow samples collected, 39% exceeded this criterion.
Treatment by the bioretention facilities effectively reduced all of the outflow samples
below the 20 µg/L criterion.
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Although there appears to be some variability in the literature regarding Cu
removal effectiveness of bioretention facilities, the results observed in this study are
consistent with much of the available data. For example, a field study of one newly
installed bioretention facility receiving runoff from a light industrial area showed a
similar trend for Cu as observed in this study; the median for dissolved Cu effluent was
higher than the influent median concentration, but total Cu showed an overall decrease
in concentration for the same facility. Median concentrations of total and dissolved Cu
in effluent were 15 µg/L and 23 µg/L, respectively, which are both higher than median
results observed in this study (Trowsdale and Simcock, 2011). A study by Li and Davis
(2007) modeled heavy metal capture and accumulation in bioretention soils and
compared the model to field data. Based on this analysis, they determined that washout
of dissolved Cu may be observed in bioretention facilities. They attributed release of
dissolved Cu to media desorption at the bottom of the facility (since Cu is primarily
removed at the surface, percolating water will have especially low levels of Cu at the
bottom of the facility), dissolved Cu’s weak strength of association with the soil media,
and its propensity to bind with organic matter (Li and Davis, 2008). A different study
tested Cu leaching from compost (a commonly added component of bioretention
media) and found that leaching of Cu from the compost fraction of the media can
continue for many years and that Cu is primarily leached in the dissolved form (Mullane
et al., 2015). In Redmond, WA, monitoring of a newly installed bioretention facility
showed initial flushing of dissolved Cu during the first year of use. During the second
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year, effluent Cu levels were generally higher compared to influent, but the difference
was not statistically significant. Effluent levels of dissolved Cu during the second year
were between 4 and 17 µg/L and, similarly to the results of this study, showed
significant variability (Herrera Environmental Consultants, Inc., 2014).
Based on a general assessment of facility characteristics such as age, street
classification, adjacent uses, and sizing ratio, it is unclear what is driving the observed
differences in dissolved Cu treatment between facilities. Observed variability may be
due to differences in soil Cu content, the amount of imported Cu from stormwater
runoff, availability of sorption sites, vegetation species, vegetation coverage, and other
soil characteristics.
Results indicating effective removal of Zn but leaching of Cu from facilities are
not consistent with research indicating that Cu will often outcompete Zn for sorption
sites (Elliott et al., 1986; Morgan et al., 2011). However, studies have also shown that Cu
interacts strongly with organic matter to form soluble complexes (Chahal et al., 2016;
Mullane et al., 2015). Released organic matter from bioretention facilities (especially
compost in the facilities) can therefore mobilize and leach Cu, which may explain the
observed trend for dissolved Cu. Although some leaching of dissolved Cu was observed,
studies have shown reduced toxicity and bioavailability of copper when associated with
dissolved organic matter; therefore, copper leached from bioretention facilities is
expected to be less toxic to aquatic organisms in downstream receiving systems (Chahal
et al., 2016; Linbo et al., 2009; McIntyre et al., 2008).
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Table 5: Summary table of inflow, outflow and percent reduction for total and dissolved Cu.

Figure 7: Range of total Cu values for inflow and outflow for all facilities (A.) and each facility (B.).

34

Figure 8: Range of dissolved Cu values for inflow and outflow for all facilities (A.) and each facility (B.).

Phosphorus
For orthophosphate, 16 of 52 inflow samples were below the method detection
limits (0.02 for BES samples and 0.01 for PSU samples) and 4 of 52 outflow samples
were below the detection limit. Mean orthophosphate inflow values were 0.088 mg-P/L
(SD = 0.166) and mean outflow levels were 0.124 mg-P/L (SD = 0.130). Outflow samples
for orthophosphate were estimated to be 2.41 times the inflow (95% CI: 1.77 to 3.29),
indicating an export of orthophosphate from the bioretention facilities of approximately
141% (Table 6). Between-facility variability of orthophosphate was high (Figure 10). For
example, facility 14 overall had very low inflow and outflow orthophosphate levels, and
facility 12 and 13 had the highest inflow levels. Facility 14 treats runoff from an elevated
light-rail track (as shown in Figure 9), which may limit its exposure to many of the
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common P sources in stormwater including eroding soil, fertilizers, plant detritus,
detergents, and pet waste. This could be one potential explanation for the low observed
levels in this facility. Facilities 12 and 13 both appear to have the most significant
adjacent tree canopy cover, which could contribute to their elevated orthophosphate
levels.

Figure 9: Photo of facility 14 showing the bioretention facility and the elevated light rail track that drains
to it.

The observed increase in orthophosphate is not consistent with the overall
observed decrease in TSS; therefore, decreased levels of TSS should not be used as a
proxy for orthophosphate removal effectiveness in bioretention facilities.
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Figure 10: Range of orthophosphate values for inflow and outflow for all facilities (A.) and each facility
(B.).

Results for total P showed an overall decrease in the outflow. The mean inflow
for total P was 0.186 mg-P/L (SD = 0.172) and the mean outflow was 0.109 mg-P/L (SD =
0.062). The model estimated a 33.0% decrease of total P from inflow to outflow (Table
6), although variability of results was high (95% CI: 10.4% to 49.8%). Facilities 12 and 13
showed especially high total P inputs, and facility 14 had very low inputs and outflow
levels (Figure 11), consistent with results described above for orthophosphate. No
results for total P were below the method detection limits.
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Figure 11: Range of total phosphorus values for inflow and outflow for all facilities (A.) and each facility
(B.).

The Columbia Slough TMDL defines a maximum instream criterion for total P of
0.1549 mg-P/L (Oregon DEQ, 1998). For total P, 39% of inflow samples exceeded this
value. Treatment by the bioretention facility reduced this to 16% exceeding the criterion
for outflow samples. There is no specific criterion established for orthophosphate.
However, comparing orthophosphate values to the total P criterion shows that 17% of
inflow samples exceed this criterion and this was increased to 21% following treatment
by the bioretention facility.
Total P is generally retained in bioretention facilities due to the efficient removal
of suspended sediment (LeFevre et al., 2015). However, bioretention facilities can leach
P from organic matter in the facility and from minerals in the soil media, depending on
the P content of the soil (LeFevre et al., 2015). A recent PSU study tested P content of 16
bioretention facilities in Portland and determined that soil total P levels were generally
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high and variable between sites, which may partially explain the export of
orthophosphate observed in this study (Shetterly, 2018). However, we do not know if
the high levels of P have accumulated in the facility due to stormwater runoff or if the
soil itself had high levels of P at the time of installation.
Results from similar studies show variable results for total P and orthophosphate
treatment through bioretention. Results from a newly installed bioretention facility in
Redmond, Washington had mean total P and orthophosphate effluent levels of 4.14 and
2.89 mg-P/L, respectively during the first year of operation. During the second year,
these levels were 1.40 for total P and 1.187 mg-P/L for orthophosphate. Both years
showed a large increase from inflow to outflow (Herrera Environmental Consultants,
Inc., 2014). In simulated bioretention columns, Chahal et al. (2016) observed total P
outflow levels of 10-16 mg-P/L. Results from two bioretention systems in Australia
showed variable results for total P and filterable reactive P with one facility leaching P
while the other effectively reduced levels of P. For the facility that leached total and
dissolved P, the outflow values were 0.16 to 0.22 mg-P/L for total P and 0.10-0.11 mgP/L for filterable reactive P (Hatt et al., 2009).
Removal of orthophosphate in bioretention facilities involves two different
processes: fast sorption to surface sites (can be reversible), and slower precipitation
reactions between P and metal oxides (generally irreversible) (LeFevre et al., 2015).
Multiple studies have looked to amendments (such as water treatment residuals,
calcareous sand, limestone, fly ash and steel wool) to improve bioretention removal of
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dissolved P through sorption and precipitation (Erickson et al., 2007; Liu and Davis,
2014, 2014; Lucas and Greenway, 2011; O’Neill and Davis, 2012; Poor et al., 2018; Zhang
et al., 2008). Current research shows preliminary success in improving dissolved P
removal with many of the amendments (Liu and Davis, 2014). Based on the observed
leaching of orthophosphates in the monitored facilities, it may be necessary to further
assess and potentially implement use of a soil media amendment in order to improve
the effectiveness of bioretention facilities for orthophosphate removal.
Table 6: Summary table of inflow, outflow and percent reduction for orthophosphate and total P.

Nitrogen
For ammonia, 12 of 52 inflow samples were below the method detection limits
(0.02 for PSU samples and 0.05 for BES samples) and 33 of 50 outflow samples were
below the detection limit. Mean ammonia inflow values were 0.220 mg-N/L (SD = 0.219)
and mean outflow values were 0.071 mg-N/L (SD = 0.116). Based on the model results,
treatment by the bioretention facilities decreased ammonia levels by 85.0% (95% CI:
71.9% to 92.3%; Table 7). Variability between bioretention facilities for ammonia
removal was high: facilities 2 and 12 have especially high levels of ammonia in inflow
and facility 10 had high variability in ammonia effluent levels (see Figure 12). High
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variability in ammonia removal is noted by other bioretention studies and may be
attributable to differences in media cation exchange capacity or differences in microbial
N processing (ammonification and nitrification rates) (Davis et al., 2009).
The Tualatin Basin Total Maximum Daily Load (TMDL) includes maximum loading
capacity design concentrations for ammonia (Oregon DEQ, 2012). These design
concentrations vary based on location and time of year. The most conservative
concentration according to this TMDL is for the period between September 1st and
November 15th, which is defined as 0.195 mg-N/L of ammonia. Approximately 40% of
runoff samples collected prior to treatment by the bioretention facility exceeded the
0.195 mg-N/L criteria. After treatment, this was reduced to 14% of samples exceeding
the criteria. If we instead compare sampled values to a moderate design concentration
instead of the most conservative (such as 0.68 mg-N/L), then the samples exceeding the
criteria for inflow and outflow would be reduced to 3% and 0%, respectively. No
samples exceed the least conservative design concentration for the Tualatin Basin of
1.31 mg-N/L. Based on these results, there is some variability in ammonia removal
between facilities, but overall bioretention facilities are effectively decreasing ammonia
concentrations in stormwater runoff.
For nitrate, 31 of the 52 inflow samples were below the method detection limits
(0.1 for BES samples and 0.02 for PSU samples) while only 2 of 52 outflow values were
below the method detection limit. Mean inflow nitrate levels were 0.070 mg-N/L (SD =
0.057) and mean outflow nitrate was 1.456 mg-N/L (SD = 1.743). Based on the fitted
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model for the measured facilities, nitrate levels in the outflows were estimated to be
21.7 times higher than the inflow (95% CI: 14 to 33 times higher). This is approximately
equal to an estimated increase of 2070% (Table 7). All facilities consistently showed
nitrate export; however, the variability in export amounts between facilities was high,
with facilities 10 and 12 showing especially high nitrate export (Figure 13). It is unclear
what may be causing facilities 10 and 12 to have higher levels of nitrate – they are the
two oldest facilities, were installed under the same project (potentially using the same
materials) and are located on the same busy street. However, many of the other
facilities are located on equally busy streets and a few are only months younger.
Therefore, additional analysis would be necessary to determine why these differences
were observed.
The Oregon Department of Environmental Quality has not defined a water
quality criterion for nitrate and no Portland area TMDLs include nitrate. Therefore, it is
difficult to assess the extent to which the export of nitrate from bioretention facilities is
a concern to local receiving water bodies. The Oregon DEQ industrial stormwater permit
does include a sector-specific benchmark for nitrate of 0.68 mg-N/L for industrial sites
that fall under specific categories (such as production of agricultural chemicals, for
example) (Oregon DEQ, 2017). The only other established standard for nitrate is 10 mgN/L as established under the Safe Drinking Water Act (US EPA, 2009). No inflow or
outflow samples exceeded the 10 mg-N/L standard. None of the inflow samples
exceeded 0.68 mg-N/L of nitrate. However, approximately 56% of the outflow samples
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exceeded the 0.68 mg-N/L sector-specific industrial stormwater benchmark. If this
benchmark is indeed indicative of an accurate level of concern for nitrate in stormwater
discharge, then the bioretention facilities caused over half of samples to exceed this
value.
It is important to note that leaching of nitrate from the facilities is not consistent
with the observed removal trend for TSS; therefore, decreased levels of TSS should not
be used as a proxy for nitrate removal effectiveness in bioretention facilities.
Leaching of nitrate from bioretention facilities has been observed in multiple
other studies (Brown et al., 2013; Chahal et al., 2016; Davis et al., 2006; Hatt et al., 2009;
Herrera Environmental Consultants, Inc., 2014) and is generally attributed to N cycling
within the facility. Organic N and ammonia taken up by bioretention facilities undergo
nitrification between storm events, producing nitrate/nitrite that is flushed from the
facility during subsequent storm events (Davis et al., 2006; Kim et al., 2003; Yang and
Lusk, 2018). Nitrification is an aerobic process, which can occur in the bioretention soil
media between storm events when stormwater has drained from the facility (Brown et
al., 2013).
Results from other bioretention studies show significant variability in nitrate
effluent levels. A study by Chahal et al (2016) observed nitrate plus nitrite levels of 4-34
mg-N/L in effluent from lab bioretention columns amended with compost over the
course of seven simulated storm events. For two field sites using synthetic stormwater,
Davis et al. (2006) observed effluent nitrate levels in the range of 0.2 to 0.4 mg-N/L for
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one facility and 1 to 1.2 mg-N/L for another facility; however, these facilities generally
showed nitrate removal of 15 to 16% (not export, as observed in this study). Results
from a combination of simulated and real storm events at three facilities in Australia
had nitrate effluent levels of approximately 0.14 to 1.6 mg-N/L and percent removal of 13 to -17% (indicating export) (Hatt et al., 2009). Results from a newly installed
bioretention facility in Redmond, Washington exhibited mean nitrate plus nitrite
effluent levels of 53.78 mg-N/L (percent reduction of -31,971%) during the initial
flushing period during the first year of operation. Their results indicated that nitrate
flushing stabilized during the second year of operation with mean effluent levels of 0.55
mg-N/L and mean removal of -198% (Herrera Environmental Consultants, Inc., 2014).
In response to observed nitrate release from bioretention facilities, research has
focused on design modifications to improve denitrification potential. The primary
recommendation involves adding a permanently inundated anoxic zone at the bottom
of the facility to facilitate denitrification, which requires anaerobic conditions (Brown
and Hunt, 2011; Dietz and Clausen, 2006; Hunt et al., 2006; Kim et al., 2003).
Improvement of denitrification in bioretention facilities also necessitates providing a
carbon source or other electron donor for denitrifying bacteria within the anoxic zone
(Kim et al., 2003). Studies have evaluated potential amendments to provide this benefit
including woodchips, newspaper, leaf mulch, alfalfa, sawdust, wheat straw, and
elemental sulfur (Kim et al., 2003; Peterson et al., 2015). There is also some (although
limited) research documenting the importance of vegetation species and root mass size
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for improving N removal in bioretention facilities (Bratieres et al., 2008; Passeport et al.,
2009). Many of the above studies were lab-based or provided inconclusive results;
therefore, additional research and field-scale studies are necessary to more accurately
assess potential design modifications for nitrate removal.
It should be noted that samples analyzed by BES measured nitrate only, while
samples analyzed at PSU measured nitrate plus nitrite. Although this introduces a
potential error or inconsistency in the mean, the percent increase estimate is expected
to be representative because of the paired comparison between inflow and outflow,
which were always analyzed using the same method. In addition, due to fast oxidation
of nitrite to nitrate, nitrite concentrations are generally very low compared to nitrate in
surface waters, often below 0.1 mg/L (Minero et al., 2007; Sawyer et al., 2002).
Therefore, the difference in analysis methods is expected to have only a minor impact
on calculated means.
Table 7: Summary table of inflow, outflow and percent reduction for ammonia and nitrate.
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Figure 12: Range of ammonia values for inflow and outflow for all facilities (A.) and each facility (B.).

Figure 13: Range of nitrate values for inflow and outflow for all facilities (A.) and each facility (B.).

General Water Quality Parameters
Results for pH indicated a slight reduction between inflow and outflow. Mean
inflow pH was 6.9 (SD = 0.5) and mean outflow was 6.5 (SD = 0.4). Model results showed
an estimated 5.8% decrease in pH from inflow to outflow (95% CI: 3.9% to 6.8%; Table
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8). Established instream water quality standards for pH in the Willamette River
watershed is 6.5-8.5 (Oregon DEQ, 2004). The most conservative statewide benchmark
for industrial stormwater pH is 5.5-8.5 (Oregon DEQ, 2017). No samples measured were
above a pH of 8.5 (for inflow or outflow). Approximately 19% of inflow samples were
below a pH of 6.5 while 60% of outflow samples were below a pH of 6.5, indicating that
bioretention facilities may be decreasing stormwater runoff below instream standards.
When instead comparing to the industrial stormwater benchmark only one inflow
sample was below a pH of 5.5 and no outflow samples were below 5.5 (Figure 14).

Figure 14: Range of pH values for inflow and outflow for all facilities (A.) and each facility (B.).

For conductivity, mean inflow was 34.3 µS/cm (SD = 24.1) and mean outflow was
49.3 µS/cm (SD = 28.9). Results from the LME model indicated an overall increase in
conductivity from inflow to outflow with the outflow estimated to be 1.52 times the
inflow (95% CI 1.3 to 1.8). This is equivalent to an estimated 52% increase from inflow to
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outflow (Table 8 and Figure 15). Although Portland does occasionally apply deicing
agents or salt to roads, it is unlikely that this increase is due to use of those substances
because the catchment areas for this study are not identified by the City as salting or
deicing roads. Conductivity is a measure of dissolved ions in water; therefore, the
increase in nitrate and orthophosphate observed in this study could provide at least a
partial explanation for the increased conductivity. Other ions not measured through this
analysis may also contribute to the observed increase. Despite the overall increase, the
observed levels of conductivity are not alarmingly high in comparison to average annual
conductivity of Willamette River in Portland, which is generally between 70-80 µS/cm
based on USGS data (USGS, n.d.).

Figure 15: Range of conductivity values for inflow and outflow for all facilities (A.) and each facility (B.).

Dissolved oxygen results showed only a very minor decrease from inflow to
outflow of approximately 3.0% (95% CI: zero to 5.8%). Mean inflow DO was 10.8 mg/L
48

(SD = 1.3) and mean outflow was 10.4 mg/L (SD = 1.1; Table 8 and Figure 16). Dissolved
oxygen water quality standards vary based on beneficial uses related to spawning
habitat and cold water habitats (Oregon DEQ, 2004). The second most conservative
standard (disregarding the most conservative, which is defined for active spawning
areas) states that dissolved oxygen must not be less than 8.0 mg/L for water bodies that
provide cold water habitat. The Columbia Slough TMDL also includes a standard for
dissolved oxygen; however, it is less conservative than the standard designated for cold
water habitat. Only one inflow sample and one outflow sample fell below the 8.0 mg/L
dissolved oxygen standard.

Figure 16: Range of dissolved oxygen values for inflow and outflow for all facilities (A.) and each facility
(B.).
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Table 8: Summary table of inflow, outflow and percent reduction for conductivity, pH and dissolved
oxygen.

Variability between Seasons
All models were first run with season included as a fixed effect with fall defined
as September through November, winter as December through February and spring as
March through May. A total of 10 observations were collected in fall and 21 in both
winter and spring (see Table 2). However, all 10 samples in fall were collected in
November, therefore the early months of fall (and potential first flush effects) are not
represented by these samples. Due to the uneven representation of seasons and lack of
early season sampling, we will not draw any conclusions from this data regarding
variability by season. However, the following trends were observed based on the
collected data.
For nutrients, no differences between seasons were observed for ammonia or
orthophosphate but outflow values for nitrate were slightly lower in the winter and
total P was lower in the fall. For all metals, samples were lower in the fall compared to
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winter and spring, although some differences may be negligible. No difference in TSS
was observed based on season.
Inflow pollutant levels are expected to be higher in the fall due to higher plant
debris inputs, dry periods between storms, and first flush effects. However, these
effects were likely not captured by this study due to the lack of early season samples.
Interestingly, total P and all metals were lower in the fall, showing the opposite trend.
High pollen during the spring can contribute additional N and P in runoff (Brown et al.,
2013). However, this trend was not clearly observed in this data.
As described in the introduction, seasons may also impact bioretention
treatment effectiveness for some analytes. Most notably, nitrate leaching may increase
at higher temperatures due to increased rates of nitrification and microbial activity
(Blecken et al., 2010; Brown et al., 2013). The results for nitrate from this study show
slightly lower nitrate levels during the winter, which is consistent with the expected
temperature effect on nitrification.
Other Considerations and Limitations
The goal of this study was to assess bioretention effectiveness during real storm
events, which limited our ability to control for all differences between storm events and
facility characteristics. In regard to storm events, samples were taken at different points
during a storm (i.e., some may have been collected at the beginning of the storm while
others were collected at the peak or the tail of the storm event). Therefore, differences
in rainfall amounts and rates, runoff intensity and antecedent conditions may affect the
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amount of pollutants in runoff. In addition, since grab samples were used, levels of
pollutants may vary based on when the sample was collected within a specific storm
event (i.e. levels may be higher with the first flush of runoff through the facility versus
later in the storm event). In terms of facility variability, as described in Table 1 above,
facilities vary based on the sizing ratio of the facility to its catchment area. Furthermore,
the species and coverage of vegetation vary between facilities, which can potentially
impact treatment effectiveness. All facilities receive runoff from public streets, however,
the use intensity of the streets varies between facilities.
Another potential source of uncertainty is the unknown lag time between inflow
and outflow of stormwater: the water collected flowing into the facility is not the exact
water collected flowing out of the facility. Therefore, we are assuming that the grab
samples are generally representative of the overall inflow and outflow from the
facilities. Based on field observations, the lag time from inflow to outflow is likely in the
range of minutes to hours, depending on the facility.
Another consideration worth a brief discussion is the use of percent removal as a
measure of bioretention treatment effectiveness. Although commonly used in
stormwater research, percent removal has some shortcomings. First, it is highly
dependent on the influent water quality; more polluted influent water will often show
higher percent removals compared to clean runoff (Wright Water Engineers and
Geosyntec Consultants, 2007). In addition, since the facilities are all designed with
overflow systems for runoff to bypass the facility during large storms, the percent
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reductions represent only the runoff that actually flowed through the bioretention
facility. An important consideration in determining overall water quality treatment
effectiveness of the facilities would be to determine what proportion of runoff bypasses
the facility altogether.
Calculated percent removals represent changes in concentration and do not
account for total load reductions of pollutants (Wright Water Engineers and Geosyntec
Consultants, 2007). This is especially important to consider in unlined bioretention
facilities that infiltrate stormwater into the ground and significantly reduce the total
amount of runoff (and therefore pollutant load) delivered to the receiving system. The
bioretention facilities measured in this study are lined; therefore, the amount of overall
load reduction is likely minimal. Although we considered this limitation during study
design, based on the location of the facilities along streets and the specific inlet and
outlet configurations, it was not feasible to monitor total flow rate and volume for this
study.
Despite these limitations, the results of this study still provide valuable insight
into the in-field treatment effectiveness of established bioretention facilities in Portland,
Oregon. In addition, sampling seven different facilities across multiple storm events
provides important data illustrating variability between facilities and between storm
events.
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Conclusions
Results of this study indicate that established bioretention facilities in Portland,
Oregon are not effectively or uniformly decreasing the concentration of all forms of
nutrients in stormwater runoff. For N, concentrations of ammonia were very effectively
decreased; however, the facilities increased the concentration of nitrate in effluent. For
P, moderate reduction in total P was observed; however, the facilities led to an increase
in orthophosphate. For metals, results showed moderate to good removal of total Cu,
total Zn and dissolved Zn. Overall, results for dissolved Cu indicated an increase in
outflow levels from the bioretention facilities; however, observed results varied
between facilities. Highly effective and consistent removal of TSS was observed for all
sampled bioretention facilities. For other general water quality parameters, the
bioretention facilities led to a slight increase in conductivity and a slight decrease in pH
and dissolved oxygen.
Based on the results of this study, highly effective TSS removal by bioretention
facilities does not necessarily equate to reduction of other pollutants of concern,
especially nitrate and orthophosphate. Based on these observations, TSS is not an
accurate surrogate measure for overall water quality improvement, especially for
dissolved pollutants.
Considering the increased levels of orthophosphate and nitrate in effluent, the
logical next question is whether the observed levels are high enough to negatively
impact receiving waterbodies. However, there are no water quality criteria defined
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specifically for urban stormwater runoff. In addition, there are no defined instream
water quality criteria for nitrate or orthophosphate in the Portland area (criteria exist
for total P, which were used as a comparison for orthophosphate). Without these
criteria, it is unclear whether the observed effluent levels are of significant concern;
therefore, additional research and modeling may be an important next step. In addition,
further research and testing of improved bioretention design to improve nitrate and
orthophosphate removal is recommended.
Although this study looked at bioretention facilities that are past their
establishment period, it did not focus specifically on any effect of facility age on
treatment. However, the sampling completed in this study could be continued in future
years to assess changes in pollution reduction effectiveness of the facilities as they age.
This type of research appears to be lacking in the available literature, which focuses
heavily on column studies and tests of newly installed facilities.
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